Background: There is an association between cryptogenic stroke and patent foramen ovale (PFO). The optimal treatment strategy for secondary prevention remains unclear. The purpose of this study was to analyze aggregate data examining the safety and efficacy of transcatheter device closure versus standard medical therapy in patients with PFO and cryptogenic stroke.
Background
It is believed that up to 30-40% of strokes are cryptogenic in nature [1] [2] [3] [4] [5] . Multiple observational studies have demonstrated an association between cryptogenic stroke and patent foramen ovale (PFO) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The prevalence of PFO in the general community is around 25 to 30% of individuals based on autopsy and community based transesophageal echocardiography (TEE) studies [16, 17] . The prevalence of PFO is about 60% in patients with cryptogenic strokes [18] , supporting an etiological association.
These associations suggest that paradoxical embolism may be the cause of stroke in some of these patients.
Most patients with cryptogenic stroke are less than 55 years of age with significant cost implications both in the short and long term [17, [19] [20] [21] . The optimal treatment strategy of secondary prevention for patients with cryptogenic stroke is still unclear. To date, there have been several observational studies and three randomized trials evaluating the safety and efficacy of transcatheter closure versus medical therapy in reducing the risk of recurrent stroke in this patient population [22] [23] [24] . Two recent meta-analyses of observational studies favored transcatheter closure over medical therapy in preventing recurrent strokes [25, 26] . However, observational studies are limited by methodology and selection bias, whereas randomized trials provide the best scientific evidence for minimizing these biases. In this study, we only assessed the totality of evidence from the three recently published randomized trials on this subject. The main objectives of our meta-analysis were: 1) pool the aggregate data from these trials, thereby increasing the sample size and possibly reducing type 2 error; 2) explore the possibility of any particular sub-group that may derive benefit from the closure device; and 3) to assess the safety and complication rates of the procedure.
Methods

Search strategy
We Trials; for eligible studies with the terms "patent foramen ovale", "PFO", "heart septal defects (atrial)", "inter-atrial shunt", "atrial septal aneurysm", "ASA", "Transcatheter closure", "recurrent stroke", "recurrent TIA", "cryptogenic stroke" and "recurrent thromboembolism". In addition, abstracts and conference proceedings were hand searched where available. Reference lists from each article were scanned for further review. The search and extraction was performed according to the PRISMA statement [27] . 
Study characteristics
We searched all the databases for randomized controlled trials comparing medical therapy versus transcatheter closure of PFO for secondary prevention of cryptogenic stroke/TIA. In addition, a qualified reference librarian independently searched similar databases using the same search terms. Studies that met the eligibility criteria were included in the meta-analysis.
Data collection
Two independent investigators reviewed all articles for inclusion, with any disagreement resolved by consensus.
The reviewers independently extracted any variables that described the study population, intervention description, and outcome data. A structured template was used to extract the relevant data.
Outcome measures
The primary outcome was a composite of recurrent stroke, TIA or death during the mean follow up period of 2.5 years. Sub-group analysis was performed with respect to age, sex, atrial septal aneurysm and shunt size, where reported.
Statistics
Data from individual studies were pooled using a random effects model. Hazard Ratio (HR), reported with 95% confidence intervals (CI) was used as a measure of effect with HR < 1 favoring device closure. A p-value of at least 0.05 was defined as statistically significant for the observed difference. Statistical heterogeneity was measured using Cochran's Q statistic with α = 0.05 as well as the I 2 statistic which is a measure of the proportion of the total variability due to heterogeneity beyond chance. I 2 values of greater than 50% are consistent with significant heterogeneity.
Results
The results of the literature search are summarized in Figure 1 . The COCHRANE search identified 3; Medline 25; EMBASE 44 and CINAHL 10 potentially eligible trials. Review of conference abstracts and reference lists did not identify any additional trials. Using a wellformulated search strategy (Additional file 1), a total of 60 records (after removing duplicates) were screened for inclusion in the meta-analysis. Three randomized controlled trials met our inclusion criteria and were included in the final analysis. The CLOSURE I Trial was a large, multi-center, randomized, clinical trial in which a Table 1 . All trials had excellent randomization procedures, and intention-totreat analyses were reported for primary outcomes. Methods for allocation concealment were not clearly described. Although the adjudication of the end point was blinded, ascertainment of end points was probably unblinded except in the RESPECT trial. There was no significant heterogeneity present amongst trials (I 2 < 50). A total of 2303 patients with a prior history of cryptogenic stroke were randomized; 1150 to device closure and 1153 to medical therapy. The study characteristics and baseline characteristics of the participants are summarized in Table 2 . We found that transcatheter closure was not superior to standard medical treatment in the secondary prevention of strokes/TIA in patients with a PFO during a mean period of 2.5 years (maximum, 7 years) according to intention to treat analysis (HR 0.66, 95% CI 0.43-1.01, p = 0.056), with a trend favoring device closure. When analyzed using per-protocol method, transcatheter closure was superior to standard medical therapy in preventing recurrent events (HR: 0.64, 95% CI: 0.41-0.98; p = 0.043). Interestingly, we found that in the male population, reported in CLOSURE 1 and RESPECT, device closure was significantly associated with a reduction of recurrent events even with intention-to-treat analysis (HR 0.48, 95% CI 0.24-0.96, p = 0.038). No other subgroup clearly benefitted from device closure. Our analysis failed to confirm the benefit of transcatheter closure in patients with atrial septal aneurysm. The details of subgroup analysis are described in Table 3 . The complication rates from transcatheter closure and medical treatment are summarized in Table 4 . Major bleeding rates were similar in both groups, but atrial fibrillation occurred more often in the device group (HR 3.43, 95% CI 1.17-10.00, p = 0.024). The meta-analysis and forest plots are shown in Tables 5, 6 
Discussion
In this meta-analysis, we analyzed and reported aggregate data for adult patients with PFO and cryptogenic stroke from three large randomized trials comparing standard medical therapy versus transcatheter closure [22] [23] [24] . Our study is limited by the heterogeneity of data available from these three clinical trials, such as type of devise used for closure, drugs used for medical therapy, patient population, geographic location within the small number of included trials, particularly with regards the CLOSURE 1 trial. The Starflex closure device employed in the trial, as compared to the Amplatzer device in PC and RESPECT has since been discontinued, partially due to the high device complication rate reported in CLOS-URE 1 and association of the device towards the later development of atrial fibrillation (5.7% vs. 0.7%, p < 0.001), thrombosis and mechanical complications, all possible contributor towards recurrent stroke. Similarly, the rate of successful PFO closure was 89.4% in the CLOSURE I trial, as compared to a very high success rate of more than 96% in the PC and RESPECT trials, suggesting superiority of the Amplatzer device compared to the STARFlex device. Furthermore, the definition of neurological event inclusion criteria was not as strict in CLOSURE 1 and did not mandate MRI neuro-radiological evidence of an ischemic event in the setting of TIA. Follow-up was shorter than in PC and RESPECT (2 years vs. 4.1 and 2.6 years), which may have decreased the ability to detect a treatment effect due to the relative rarity of recurrent TIA or strokes. These events may have only been observed with longer follow-up. We report analysis of aggregate data from three RCTs, but meta-analysis of individual patient data may provide clear and better understanding of the benefit of one treatment modality over other. Due to the unavailability of individual patient data, we could not analyze adverse events in detail. Despite ambiguity regarding patient selection, less than optimum patient enrollment, and inadequate follow up, our meta-analyses which combined data from the three RCTs showed a trend towards superiority of PFO closure as compared to medical therapy, and statistically significant benefit of PFO closure in the per protocol population. Similar results were found when the Amplatzer PFO device was analyzed in the RESPECT trial after accounting for an unequal drop-out rate with perprotocol and as-treated method, which then demonstrated significant benefit with device closure. Likewise, results from the underpowered PC trial (414 patients) were not-statistically significant but the trend for the end-point of stroke and TIA uniformly favored the Amplatzer device. Case-series and retrospective analyses of patients with PFO and cryptogenic stroke have previously suggested that transcatheter closure of PFO for prevention of recurrent stroke is a highly efficacious and safe procedure [28] [29] [30] [31] [32] . Two recent meta-analyses of observational studies showed that transcatheter closure was superior to medical management, with the incidence of recurrent strokes being more than 6 times higher in medically treated patients than those who underwent transcatheter closure [25, 26] . The number of patients reported in observational studies were at least 8-fold larger than the total number of patients enrolled in the three RCTs. Similarly, over 15,000 closure procedures have been reported in the literature in observation studies or case series, as compared to only 1,103 patients reported in RCTs. This could be due to rapid adoption of this intervention by many clinical practitioners due to the observation that transcatheter closure is a safe and effective procedure. There are several features about the three randomized trials that are worth considering: all the trials included relatively younger patients with cryptogenic strokes and TIAs. The outcome rate in patients receiving medical therapy was lower compared to published observational studies in the literature, suggesting that the baseline risk in the trial population may have been lower. This may point to a failure to appropriately select patients in the clinical trials who were more likely to have had PFO-related events, possibly attributable to the preference of patients to undergo PFO closure coupled with the reluctance of physicians to randomize patients with true PFO related cryptogenic stroke, such as the ones with clinical indicators of paradoxical embolism (e.g. very large shunt, associated atrial septal aneurysm), or absence of any conventional stroke risk factors. These patients then could have been preferentially treated with off-protocol transcatheter closure. This hypothesis is strongly supported by the findings from a study by the Cleveland Clinic, which indicates that offlabel PFO closures out-numbered patient recruitment into the CLOSURE I trial by 3:1 at their institution during the study recruitment period (32) . They also found that the large shunts were considerably more common in off-label patients, suggesting that higher-risk patients may have been favorably closed off-label. On the other hand, outcome rates in the closure group, especially in the CLOSURE I trial were higher compared to previous estimates from observational studies.
One can also argue that the benefits of transcatheter closure may become apparent only with longer followup, as this intervention is expected to prevent the occurrence of a relatively rare clinical outcome. The 2 to 4 years of follow-up may be inadequate to fully capture the benefit of PFO closure. A study with a long followup of up to 15 years, showed that percutaneous PFO closure appeared equally effective for secondary stroke prevention (0.59 (0.26-1.34) p = 0.21) and more effective for secondary TIA prevention (0.19 (0.08-0.49)p = 0.001) compared with medical treatment in patients with PFO [33] . PFO closure studies such as CryptoCard (Trials register #NCT01018355) have been terminated due to dissatisfactory enrollment rate.
It is important to recognize difficulties encountered in enrollment of patients in such trials and the possibility that results from three individual RCTs may make it even more difficult to enroll sufficient patients in the future to detect an event with a very low clinical rate. We await the results of 3 ongoing large randomized trials (REDUCE, CLOSE, and DEFENSE-PFO), which aim to study the relative benefit of anticoagulation, antiplatelet and transcatheter device closure with the Amplatzer and GORE Septal Occluder.
Conclusions
The results of our meta-analysis show a favorable trend towards transcatheter closure of PFO as compared to medical therapy in intention-to-treat analysis and confirm a benefit in per-protocol analysis, despite the fact that many patients who would have truly benefited from device closure may have not been randomized in these trials, but underwent off-label closure. Device-related complications were higher with the STARFlex device compared to the Amplatzer device, with atrial fibrillation being the most frequent complication. A significant benefit of transcatheter PFO closure was apparent in male patients. Based on current evidence, it is premature to conclude that transcatheter closure of a PFO is futile in cryptogenic stroke, and we therefore advocate continued randomization of future patients in ongoing trials designed to answer the question. Our finding of possible increased selective benefit in males is hypothesis generating and may deserve specific study.
